Abstract -Impurity free vacancy disordering (IFVD) is induced in both GaAs/AIGaAs and InGaAs/AlGaAs QWs using undoped, Ga-doped and P-doped spin-on glass encapsulant layers. IFVD has been studied for different annealing and pre-baking temperatures, using low temperature photoluminescence (PL). The P-doped and undoped silica layers behave similarly in promoting IFVD, inducing large energy shifts.
A. Introduction
To monolithically produce integrated optoelectronic circuits, it is essential to be able to selectively and reproducibly tune the bandgap of a quantum well (QW) structure. Quantum well intermixing (QWI) has been found to be a useful and relatively simple method of post growth baud gap tuning. The methods that have often been used to create QWl are ion implantation-induced intermixing [1] , impurity-induced intermixing [1] and impurity free vacancy disordering (IFVD) [1] . Among these methods, IFVD has the advantage of preserving the crystal quality, leading to higher device performance. IFVD is usually initiated by annealing the QW sample at elevated temperatures, typically 800°C-950°C for GaAs-based structures, after encapsulating the QW structure with a dielectric layer. Various encapsulants have been studied, either to enhance or suppress intermixing. SrF2-capS [2], Ge interlayers between QW structUre and Si02 cap [3] , hydrogen passivated native oxides [4] and WNx-caps [5] are known to suppress intermixing, whereas Si02 is known to enhance intermixing [1] .
Silicon nitride layers' have been found to be able to either enhance or suppress intermixing, depending on the deposition conditions [2], [6] . P-doped Si021ayers are also found to be able to both suppress and enhance intennixing, depending on the weight percentage of P in the layer [7] , [8] . Different techniques of deposition of the encapsulants have been used, including plasma-deposition [8] , electron beam evaporation [9] , thermal evaporation [2], the spin-on technique [3] and anodic oxidation [10] .
In this work, spin-on glass is used as an encapsulant layer to induce IFVD. The advantage of this method is its simplicity. Both GaAs/AIGaAs and InGaAs/AIGaAs QW structures, all grown by metal organic chemical vapour deposition (MOCVD) on semi insulating GaAs substrates have been used to study the intermixing. Effect of pre-baking temperature as well as annealing temperature on the disordering in the QW samples has been studied for undoped, Ga-doped and P-doped silica layers.
B. Experimental details
Both GaAs/AIGaAs and InGaAs/AIGaAs structures were grown by MOeVD. The GaAs/AIGaAs structure contained two GaAs QW's, with thicknesses of 23 A and 40 A respectively, within 500 A Alo.54GaoArAs barriers. The InGaAs/AIGaAs structure contained an Ino.3Gao.7As and an Ino.2Gao.8As QW, both with a thickness of 48 A, within 500 A Alo.2Gao.gAs barriers. On top of both structures, a 400 A GaAs capping layer is grown, to prevent oxidation of the upper AIGaAs barrier. Samples of both structures were then spin coated with undoped, P-doped and Ga-doped spin-on glass at 3000 rotations per minute for 30 seconds. The samples were then baked for 15 minutes to harden the silica layer. After pre baking, half of the Sial layer was removed in a buffered HF solution as a reference. Samples with the differently doped Si02 layers where then annealed at various temperatures for 60 s, using fresh GaAs proximity capping to prevent As outdiffusion from the surface at the reference part of the samples. A rapid thermal annealer (RTA) was used for both pre-baking and annealing. The photoluminescence (PL) spectrum of both reference part and oxide part of the samples was then measured at 8 K.
The dependence of pre-baking temperature as well as annealing temperature on IFVD has been measured. For the measurement of IFVD as a function of annealing temperature, the pre-baking temperature was fixed at 4000e and the samples were annealed at temperatures ranging from 8000e to 950oe. For the measurement of IFVD as a function of pre-baking temperature, the annealing temperature was fixed at 825De for the InGaAsI AIGaAs samples and at 900De for the GaAsl AIGaAs samples and the samples were pre-baked at temperatures ranging from 1000e to 400°C.
C. Results and discussion
In Fig. 1 , the PL spectra of the GaAs/AIGaAs structure capped with P doped, Ga doped and undoped Si02 layers are shown for the samples, which are annealed at 875°e. The two main peaks arise from the two QWs of the structure. The samples with P-doped and undoped Si02 layers show large energy shift, whereas the sample with a Ga-doped Si02 layer shows considerably less shift. This indicates that doping the silica cap layer with Ga suppresses IFVD.
In Fig. 2 , the PL differential energy shift of the GaAs/AIGaAs QWs is shown as a function of annealing temperature. The figure shows large blue shifts in. band gap energy between the reference and the capped parts of the samples for the P-doped and undoped Si02 layers, which means that IFVD is promoted by these layers. Furthermore, the blue shift increases as a function of annealing temperature as the diffusion coefficient of Ga vacancies, V Ga, increases.
The Ga-doped layer however, shows very little blue shift even at the high annealing temperature of 950oe.
The promotion of IFVD by oxide caps is believed to be due to outdiffusion of Ga into the oxide layer. The Ga vacancies (V Ga) that are generated at the SiOz/GaAs interface by this, diffuse into the QW structure and promote Gal Al and/or In! Al atomic interdiffusion between QW and barrier and hence promote disorder on group III sublattice [I] . The results of Fig. 1 and 2 are consistent with this model. The' suppression of disorder by the Ga-doped caps is due to the fact that the Ga content of the oxide layer suppresses the driving force for the Ga outdiffusion. Therefore there will be no or little excess of V Ga generated in the case of Ga doped oxide layer compared with the P doped and undoped layers and hence the suppression ofIFVD. Si02 layers annealed at 87SoC for 60 seconds.
PL spectra for samples annealed at the same temperature without cap layer are also shown for reference. Fig . 3 shows the differential energy shift of the position of the PL peaks as a function of pre-baking temperature for the GaAsl AIGaAs structure. Similar to the obsetvation for undoped Si02 layers [11] , the PL energy shift of samples baked at high temperature (> 2S0°C) was significantly higher than for the samples baked at low temperature (100°C) in case of the P-doped Si02 layers, which can be explained by the change of film quality at higher baking temperatures [11] . The Ga doped layer again is found to suppress intennixing, with no obvious dependence on pre-baking conditions. Pre-baking temperature (0C) The InGaAsl AIGaAs structure has also been studied. Energy shifts occur at lower annealing temperature in this structure compared to the GaAsl AIGaAs structure. The P-doped and undoped silica layers show large energy shifts, increasing with annealing temperature and thus enhance IFVD, whereas the Ga-doped oxide layer suppresses intennixing, showing considerably less shift, consistent with the GaAsl AIGaAs results.
D. Conclusion
IFVD induced by P-doped, Ga-doped and undoped spin-on glass layers has been studied on both GaAs/AIGaAs and InGaAs/AIGaAs QW structures. P-doped and undoped silica layers behave similarly in promoting IFVD, both showing large intermixing. The Ga-doped silica layer has been found to suppress intermixing in both structures, which is explained by a reduction of outdiffusion of Ga from the QW structure into the oxide layer. This indicates that selective doping of a silica layer with subsequent annealing is a means of spatially controlling the band gap to create integrated optoelectronic devices.
